The in vitro effects of high 02 tensions (Po,) on aerobic, enteric pathogens were examined at pressures of up to 3 atm absolute. Organisms from the genera Salmonella, Shigella, and Vibrio were usually subjected to 24-hr exposures. Tensions of 0.87, 1.87, and 2.87 atm absolute of 02 (plus traces of CO2 and N2) became progressively inhibitory for Salmonella and Shigella growth, but were bactericidal only for V. comma strains at tensions greater than 0.87 atm absolute of 02. Growth inhibition of enteric organisms resulted from increased Po2, rather than pressure per se, and could be mitigated nutritionally; an appropriate carbohydrate source is at least partially involved. Further studies with vibrios indicated that such mitigation was independent of medium pH. In addition, a synergistic relationship existed between 02 and sulfisoxazole when tensions from 0.87 to 2.87 atm absolute of 02 were maintained for 3 to 24 hr. Synergism occurred even under nutritional conditions which negated growth inhibition by 02 alone. Bactericidal concentrations of sulfisoxazole, in the presence of increased Po2, were reducible up to 4,000-fold. The combined procedure employed in this investigation, by use of an antimicrobial drug of known action, which also synergizes with 02, plus nutritional studies, suggests a means for establishing a site of 02 toxicity. These data support the concept that 02 inhibition of growth represents a metabolic disturbance and that metabolic pathways involving p-aminobenzoic acid may be 02-labile. Such an approach could also guide development of antimicrobial agents as 02 substitutes for promoting synergism.
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Recently, intensive efforts have been directed toward the in vitro and in vivo study of the effects of increased oxygen tensions, alone and in combination with antibiotics, on aerobic pathogenic bacteria (3) , particularly those found in wound and burn infections (6, 8, 11, 12) . Scant attention has been given to the effects of oxygen on the growth of the aerobic, facultatively anaerobic, gram-negative, intestinal pathogens. Moore and Williams (9, 10) reported that increased oxygen tensions to 0.92 atm had no growthinhibitory effects on Vibrio comma, Bacillus typhosus (Salmonella typhosa), and the Flexner, Shiga, and Kruse strains of Bacillus dysenteriae (Shigella dysenteriae). However, for other forms of life, an inverse relationship exists between the oxygen tension and duration of exposure before the toxic effects of oxygen become manifest (4) .
Previous data also have shown that an organism's response to oxygen may be altered by its nutritional state (5) and by the presence of antibiotics (3).
The objectives of this investigation were threefold: (i) to explore the effects of increased oxygen tension (Po2) on the growth of aerobic, facultatively anaerobic, gram-negative enteric pathogens; (ii) to study the effects of nutrition on the growth of the enteric pathogens exposed to high the air in the chamber, thus maintaining the partial pressure of 02 (Po2) equivalent to air at 1 atm absolute. Temperature was maintained in the pressure chamber at 36 +t 1.5 C by a heating tape wrapped around the chamber and controlled by a nonindicating, adjustable temperature-sensor-controller (Fenwall Inc., Ashland, Mass.). Temperature was read on a thermometer suspended inside and viewed through the sight port of the chamber.
Growth in liquid media, as contained in the optically matched test tubes, was measured turbidimetrically with an Evelyn colorimeter (Ribicon Co., Philadelphia, Pa.) at 660 m,. To facilitate turbidimetric measurements, it was necessary to adjust the volume of the original 2.0-ml cultures to 4.0 ml by the addition of identical, uninoculated, sterile broth. Thus, the final optical density (OD) values as given in this paper represent a 1:2 dilution of the actual growth.
Bactericidal or bacteriostatic effects of the gaseous environment, alone or in combination with sodium sulfisoxazole, were determined in duplicate by transferring 0.10 ml from those tubes devoid of visible growth (before volume adjustment) to tubes containing 10 ml of Brain Heart Infusion broth (Difco), supplemented with 0.2%,6 yeast extract (Difco), and incubated at room temperature for a minimum of 72 hr. The appearance of growth after this period indicated a bacteriostatic effect of the experimental conditions (although some members of the population may have been killed); we interpreted the absence of growth to signify that the previous experimental conditions were bactericidal.
For studies involving inhibition of surface growth by 02, agar plates were employed and inoculated by the streak dilution technique, with 24-hr-old Nutrient Broth (Difco) cultures as the source of the inoculum.
After 24-hr gaseous exposures within the chamber (37 C), surface growth on these plates was compared to the control plates incubated in air (37 C, 24 hr); the latter cultures always demonstrated profuse growth over most of the surface. We assumed that plates which, upon removal from the chamber, showed questionable growth (less than 10 minute colonies or a suggestive haze within a small area of heaviest inoculum) were subjected to inhibitory or bacteriostatic conditions, if profuse growth subsequently developed within less than 24 hr of air incubation at 37 C. Conditions were considered to have been bactericidal if plates showed no growth upon removal from the chamber and did not grow upon subsequent air incubation (24 hr, 37 C).
RESULTS
Initial experiments designed to determine the susceptibility of some enteric pathogens to the growth-inhibitory effects of oxygen revealed that with surface cultures on Nutrient Agar (NA) at I atm absolute, a gas mixture consisting of 0.87 atm absolute of 02 + 0.05 atm absolute of CO2 + 0.08 atm absolute of N2 was inhibitory to the growth of five of the seven V. comma strains examined. Salmonella and Shigella species were generally more resistant to this 02 tension (Table 1 ). All cultures were plated in duplicate and continuously exposed to the gaseous environment for 24 hr at 37 C. On NA, at 2 or 3 atm absolute, 0? (1.87 and 2.87 atm absolute, respectively, CO2 and N2 as above) tended to become bacteriostatic for Salmonella and Shigella species and bactericidal only for the vibrios. Thus, on subsequent re-incubation of the cultures exposed to 2.87 atm absolute of 02 in 1 atm absolute of air for 24 hr at 37 C, all previously inhibited enteric organisms grew profusely, except for V. comma strains-all of which failed to grow. Even at 1.87 atm absolute, 02 was bactericidal for five of the seven vibrios used, but for none of the other enteric organisms.
Our studies with all enteric bacteria examined showed that 02 inhibition of growth could be mitigated by use of a medium more nutritionally enriched than NA, i.e., Brain Heart Infusion Agar (BHIA). In controls (candle jar or air, at 1 atm absolute), all strains of V. comma grew well on NA and BHIA within 24 hr at 37 C. In the presence of 0.87 and 1.87 atm absolute of 02 (24-hr exposures, 37 C), these organisms grew profusely, but only on BHIA. At 2.87 atm absolute of 02, Vibrio did not grow on NA; but growth did appear on BHIA with all vibrios tested, except for J 4124.
Although the evaluations of growth recorded in Table 1 were somewhat subjective, it seemed that increased 02 tensions up to 3 atm absolute became increasingly inhibitory to the growth of all enteric bacteria examined but more inhibitory to vibrios. The 02 inhibitory effect is, however, less manifest with a nutritionally enriched medium and may thus be at least partially overcome. Because vibrios are more sensitive to 02 than other enteric bacteria examined, vibrios were selected for more intensive investigation.
The differences in ability of BHIA and NA to supplement growth of V. comma J 38 and J 79 in the presence of increased 02 tensions (in separate experiments) were not caused by the differences in pH of the two media. Adjusting the pH of NA with Na2HPO4 from its usual value of 6.7 to 7.4 (the pH of BHIA) still did not confer on this medium the ability to support growth of the organisms in the presence of a high P02. In TIN, broth, prepared in 0.033 M potassium phosphate buffer at pH 7.0, enriched by 0.2% succinic acid, 0.2% citric acid, 0.2% DL-glutamic acid, 0.4% lactic acid, or 0.6% sodium acetate (stock solutions neutralized to pH 7.0 with KOH prior to use) still failed to support the growth of J 79 at 2.87 atm absolute of 02 to an extent equal to or greater than control candle jar cultures at 1 atm absolute. In contrast, supplementing TIN1 with 0.2% glucose, 0.2% fructose, or 0.2% sucrose resulted in growth at 2.87 atm absolute of 02 to an extent equal to or greater than control candle jar cultures at 1 atm absolute. We found that an appropriate carbon source could negate the requirement for complex and uncharacterized substances as contained in yeast extract; this indicates that a completely synthetic medium might be used to promote growth at elevated 02 tensions and to establish the nutritional requirements necessary to overcome 02 inhibition. A synthetic medium has been suggested for the routine growth of vibrios (Finkelstein and Lankford, Bacteriol. Proc., p. 49, 1955). Also, these data suggest that the efficacy of BHIB in supporting growth of vibrios under 2.87 atm absolute of 02 may be caused by a triggering action of the glucose present in this medium.
The question of oxygen enhancement of or interference with drug action was investigated, employing strains of V. comma in broth (T1Nl-YP). We found that this broth supported growth of V. comma J 79 at increased Po2.
The data in Table 2 reveal that at 1 atm absolute (candle jar), 10 Ag of sulfisoxazole per ml inhibited growth of V. comma J 79, thus decreasing growth by approximately 50%. The bacteriostatic concentration range was >625 < 1,250 mg/ml, and the bactericidal range was >5,000 < 10,000 ,ug/ml. Alone, 2.87 atm absolute of 02 also diminished growth by approximately 50%.
A combination of 2.87 atm absolute of 02 and sulfisoxazole showed a marked synergistic effect between these two agents; the bacteriostatic concentration range for sulfisoxazole in the presence of 2.87 atm absolute of 02 was decreased to >20 < 39 ,ug/ml, and the bactericidal range was also diminished to >39 < 78 ,g/ml. At 0.87 and 1.87 atm absolute of 02, the bacteriostatic concentra- Ag/ml; the bactericidal ranges were similarly diminished to >1,250 < 2,500 jg/ml and >313 < 625 ,ug/ml, respectively. We noted that, at 0O tensions of 0.87 and 1.87 atm absolute, 02 alone was not inhibitory; in contrast, 02 at these tensions markedly enhanced growth.
The synergistic interaction of 02 and sulfisoxazole was not strain-specific. However, the data in Table 2 The synergistic effects of O2 and sulfisoxazole could be observed at 2.87 atm absolute 02 even under conditions by which the growth-inhibitory effect of 02 (alone) was obviated by replacing the T1N1-YP medium used in the earlier sulfisoxazole-02 studies with BHIB (Table 3 ). This latter medium nutritionally mitigated growth inhibition by 02; at 2.87 atm absolute of 02, the growth in BHIB of V. comma J 79 and J 38 was approximately twice as great as that which occurred at 1 atm absolute (candle jar control), measured after 24 hr at 37 C. Nevertheless, sulfisoxazole was potentiated in its action so that between 30-and 100-fold less was required for bacteriostatic activity and 10-fold less for bactericidal activity in the presence of 02, as compared to candle jar controls.
We next undertook a study to ascertain the effects on vibrios of short, intermittent exposures to oxygen in the presence of sulfisoxazole, as opposed to a single 24-hr period (3). V. comma J 79 and J 38 were subjected to 3 atm absolute of the 02-C02-N2 mixture for two 3-hr periods, with the exposures separated from one another by incubation for 3 hr in air at 1 atm absolute. After the second 02 exposure, the cultures were placed in a candle jar at 1 atm absolute and examined for growth 24 hr after the initial inoculation. Throughout, incubation temperatures were 37 C. This experiment was repeated later, limiting 02 exposures to a single 3-hr period at and sulfisoxazole (Table 4 ). The bacteriostatic These data support the concept that, in the enteric organisms we examined, 02 toxicity can represent a metabolic disturbance, because the resultant growth inhibition can be mitigated nutritionally (5). Hyperoxia alone (2.87 atm absolute of 02, 24-hr exposure) was either bacteriostatic or it significantly reduced the growth rate with Salmonella and Shigella inoculated on NA; but when these oxygen-inhibited cultures were later incubated in air, growth occurred.
Therefore, it is unlikely that 02 reacted with media components to produce significant concentrations of growth-inhibitory substances. If these conditions had been present, there should not have been growth on BHIA, nor would the rapid and profuse growth often seen on NA (usually within 24 hr) occur upon subsequent incubation in air.
In the case of V. comma (under similar conditions as those used for Salmonella and Shigella) hyperoxia was bactericidal for the seven strains examined. However, with all genera we investigated, the inhibitory effects of 02 depended on the degree of enrichment of the growth mediathe majority of even the V. comma strains grew to some degree on BHIA.
The mechanism whereby the nutritionally enriched media manifested protection against 0O inhibition of growth must await identification of the active components. The data suggest that a carbohydrate may be one factor involved. Our 
